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Discussion and Decision
1
Introduction
In previous RAN1 meetings several aspects of supporting wider bandwidths in NR has been discussed. Following agreements were made related to CA and Dual Connectivity for NR in RAN1#86bis: 

	Agreements
· Study at least the following aspects for NR carrier aggregation / dual connectivity

· Intra-TRP and inter-TRP with ideal and non-ideal backhaul scenarios

· Number of carriers

· The need for certain channels, e.g. downlink control channel, uplink control channel or PBCH for some carriers

· Cross-carrier scheduling and joint UCI feedback, e.g. HARQ-ACK feedback

· TB mapping, i.e., per carrier or across carriers

· Carrier on/off switching mechanism

· Power control

· Different numerologies between different/same carrier(s) for a given UE

· FFS: whether/if different numerologies are multiplexed on one carrier for one UE is called carrier aggregation / dual connectivity




The discussion was continued in RAN1#87 with following additional agreements:

	Agreements
· For phase 1, carrier aggregation/dual connectivity operation within NR carriers over e.g. around 1GHz contiguous and non- contiguous spectrum from both NW and UE perspectives is supported
· [4 - 32] should be assumed for further study of the maximum number of NR carriers

· RAN1 will try to decide the exact number in this week

· Cross-carrier scheduling and joint UCI feedback are supported
· Per-carrier TB mapping is supported
· FFS TB mapping across multiple carriers



In this contribution, we present all major aspects of this matter and finally make text proposal to the TR38.802 to capture wider bandwidth options into subclause 5. 
2
Discussion
2.1
Basic operation

The very basic method for wider bandwidth operation in NR compared to the LTE is to utilize wider subcarrier spacing (SCS) together with maximum FFT size of 2048. This provides natural increase of single carrier system bandwidth in contiguous spectrum. The nominal maximum bandwidth options are presented in Table 1, with possible supported the carrier frequency range, which are subject of ongoing RAN4 discussion [3]. 
Table 1: SCS and nominal maximum bandwidth [3]
	Subcarrier spacing [kHz]
	15
	30
	60
	120

	Supported frequency range
	< 3.5 GHz
	2 - 6 GHz
	3.5 - 43.5 GHz
	6 – 52.6 GHz

	Nominal max BW [MHz]
	20
	50
	100
	200


The single carrier operation is characterized by following: 
· Single numerology is used for both UL and DL, maximum BW is controlled by SCS and number of used subcarriers.
· TX/RX bandwidth is controlled by scheduling decisions. 

· Single scheduling decision per UE with single link adaptation, TB and HARQ process per TTI in single stream transmission. 

· Continuous spectrum only.
· Single Transceiver operation. 
· No Guard Bands between frequency portions used for single carrier transmission.
· Single L2 protocol stack per UE.
In addition to increased single carrier system bandwidth NR must support both carrier aggregation, Figure 1, and dual-connectivity solutions. The carrier aggregation can be characterized by following:  
· Can be DL only or for both DL and UL
· Multiple FFT/IFFT
· Each CC with own scheduling including:
· link adaptation, TB selection, HARQ.
· In DL only configuration, the UL feedback carried by other CC, 
· co-located deployment or ideal interface between CC
· Both continuous and discontinuous spectrum.
· Single or multi Transceiver operation depending on bands
· Each carrier standalone or data only layer
· GB between CC included as defined between for single CC operation
· CC can be different numerology
· Single L2 protocol connection and protocol stack per UE for all CC.
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Figure 1: Carrier aggregation in NR
The dual-connectivity can be characterized by following in comparison to CA:
· Is always for both DL and UL for a carrier group, as single DuCo link can serve different number of UL and DL carriers.
· Each CC fully independent with own UL feedback. 
· Mainly discontinuous spectrum – multi-band.
· Multi Transceiver  operation
· Multiple L2 protocol connection and protocol stacks per UE
The design of CA and dual connectivity should be harmonized from Physical layer perspective and numeric restrictions on number of carriers or connections can be used should be avoided. 

Considering single carrier nominal bandwidths ranging from 20MHz to 200MHz and having requirement to support at least BW of 1GHz this means the maximum number of carriers can be assessed. As the available spectrum that could be used to introduce 1GHz spectrum is mainly above 3GHz, as well as link distances for such wide range operation are sufficiently short, supporting 1GHz with 15KHz SCS is seen unrealistic. However, with 60KHz and 100MHz single CC BW, aggregating 10 carriers to 1GHz BW can be seen feasible solution. However, setting hard limit to ten should be avoided.
2.2
Supporting different numerologies

The support of different numerologies in NR has been discussed in previous meetings. The main requirement to utilize different numerologies is due requirement that NR shall support spectrum at low and high bands with totally different radio environment and available bandwidths. Additionally, combining these different spectrum regions for single UEs connection is highly beneficial as low frequency can provide continuous coverage and high frequencies can provide extensive capacity and data rates but may have limitations in coverage. However, different numerologies are not needed to support of different services for given UE, rather NR should be able to support all service with all numerologies. 
Therefore, to combine different bands requiring different numerologies for a single UE, the CA and DuCo between different numerologies is essential part of NR. The Figure 2, present 7 symbol slot with 15 kHz and 14 symbol slot with 120 kHz SCS in relative scale in respect of time and frequency. As discussed, the typical use case would be that single band is using one numerology and the other band is using another, for e.g. band at 2GHz using 15KHz and band at 28GHz using 120KHz SCS.
Even though support of cross carrier scheduling and support of single UCI has been agreed, it is apparent based on Figure 2, that totally independent operation is beneficial between bands as:
· Significant difference in obtained data rates due to available BW.

· Different subframe/slot lengths and timing domain processing between numerologies.
· Different type configurations for CSI and beam management procedures are needed.
Thus, both carriers should have own DCI and UCI and HARQ feedback operation. Due to significant difference in BW, slot duration, and radio environment, even transmitting simultaneously data from single logical channel from both carrier may not that beneficial. Rather, the 15 kHz carrier, typically macro layer, can provide full coverage for the UE that utilizes high frequency band for data burst when LoS-link to high frequency cell is available. The UEs connection would benefit from fast switching provided by CA or DuCo compared to inter-frequency handover. Therefore, it would be beneficial from PHY implementation and system deployment point of view if the physical layer would be identical between CA and DuCo and either one can be configured based on used network architecture. 
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Figure 2: 7 symbol slot with 15 kHz SCS and 14 symbol subframe with 120 kHz SCS 
(K1: HARQ Ack delay, K2: PUSCH scheduling delay)
2.3
Downlink Control channel design

When operating in CA or DuCo with totally different slot lengths and radio environment as presented in Figure 2, each carrier should utilize own DL PDCCH and DCI content. In this case, different signaling options would be same as in single carrier operation. The utilization of own carrier specific PDCCH and independent DCI can be seen basic operation of CA as:
· No re-design of control channel needed, both in CA and DuCo should use same PDCCH and DCI design as in single CC operations.
Additional DCI formats specific for CA operation are not necessary, but could be considered if deemed beneficial. 
The support for cross carrier scheduling can be needed in unlicensed spectrum, however, in licensed spectrum there is no or very limited benefit if same flexibility is supported as having carrier specific PDCCH. To make this feature technically feasible we think that changes to carrier specific scheduling should be minimized. Thus, we assume that when carrier is cross carrier scheduled: 
· The location options of the DRMS symbols for data are same
· When using same numerology, the timing between CC is the same.
· First symbol of the frame can be used for data
· PDCCH scheduling the carriers contains two or more independent DCI each pointing to one carrier.

To support different numerologies introduces completely new timing between control and data channels and processing time requirements, increasing complexity significantly considering all different options. Thus, the support of different numerologies could be further studied, if good justification is found. Clearly for e.g. in scenario depicted in the Figure 2, where the PDCCH on 15 kHz SCS scheduling wideband carrier with 120 kHz SCS would not be that practical or beneficial.
2.4 Uplink Control channel design

Like downlink, when operating in CA or DuCo with totally different slot lengths and radio environment each carrier supports own PUCCH and UCI content with signaling options similar as in single carrier operation. This is the baseline operation as no re-design of control channel needed, thus in CA and DuCo should use same PUCCH and UCI design as in single CC operations.

The support for single CC PUCCH and UCI is beneficial in following scenarios:
· To improved UL coverage when neither UL CA or DuCo is used and UE is transmitting on single carrier only.
· In licensed assisted access, the UCI would be transmitted via licensed spectrum only and no uplink transmission in unlicensed band would be needed. 
When operating with single CC for PUCCH and UCI, there becomes a need to support of multiple numerologies, which will impact HARQ feedback timing and HARQ codebook size. Therefore, we expect that UL PDCCH and UCI will require flexible HARQ feedback timing and code adaptation scheme. 
2.5
Impact of beamforming to CA

When gNB utilized hybrid beamforming, which potential gNB TX/RX architecture especially in high frequencies and depicted in Figure 4, P RF signals are transmitted from Nt antennas after passing Nt phase sifters. When exploit full multi-user MIMO gains P users are transmitted via P RF streams and same RF beam forming is applied to all m carriers. In such case, all carrier points into same P directions. 
The alternative options is that gNB with different P RF chains and address multiple UE in Frequency division manner either in carrier or RB level. This can be used to exploit frequency diversity of the channel but then only P/m streams are transmitted in each carrier if FDM is done equally per carrier, reducing MU-MIMO gain.
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Figure 3: Hybrid architecture considered at the BS, which is equipped which is equipped with Nt antenna elements and P RF chains [3].
This drives data transmission towards operation where maximum of P UEs are transmitted simultaneously on complete bandwidth and same beamforming is applied for each CC.
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Figure 4:RF beamforming performed on F1-Fn at time moments T=1 and T=2

In such co-located deployment, beam management action, coverage and antenna configurations of the carriers can be the same, it is not necessary to transmit SS burst and PBCH in each CC separately. Rather only single CC (primary CC) may transmit SS-bursts an PBCH. This enables system operation where:
· DL Synchronization can be based primary CC for all CC. 
· Beam management procedures are based on primary CC’s BRS and best beam direction is same for all CC for given UE. 
· The RACH can be operating on primary CC but additional RACH resources can be allocated to other CCs.
· In each CCs separate DL control channel can be transmitted allowing independent link adaptation. Utilization of cross carrier scheduling is not necessary.
· UL Control channels can be separate for each CC, or combined in one to CC for single UE to improve UL coverage.
2.6

HARQ pooling

In LTE, the number of HARQ processes is same and static for all cells based on fixed HARQ RTT requirement, thus preventing HARQ stall when system operation can meet the required RTT. 
However, in different 5G RAN network architectures depicted in Figure 5, the supported HARQ RTT may vary due to different deployment decisions. Thus, it may not be possible to pre-determine the number of HARQ processes needed per link/cell to avoid HARQ stall. Even if it is possible to determine an upper bound for each cell to support the required RTT, as done in LTE, such definition would result unnecessarily high over-provisioning of the HARQ buffer in UE especially when number of CC is increasing.
Therefore, we consider that in NR, a common HARQ buffer pool for a given UE across multiple CC in is used for both CA and DuCo operation. This would allow for dynamic allocation of HARQ buffers per connected CC, while keeping the total number of HARQ-processes-per-UE constant. When schedulers are coordinated between cells, the pool of HARQ processes allows picking the next available HARQ process dynamically for the transmission. When schedulers in the network are not coordinated simple semi-static allocation can be used to split HARQ pool to meet different RTTs of the link so that HARQ stalling is minimized or completely avoided. 
The disadvantage of the HARQ pooling is that few additional bits needed to identify the HARQ process in the DCI, but we expect that this increase is insignificant compared to benefits. 

Further details can be found from [5].
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Figure 5: Dual Connectivity with cloud RAN involving non-zero front-haul latency
2.8
Fast CA activation

The utilization of CA in LTE is requiring significant amount of signaling for configuring UE measurement for detecting neighboring cells (co-located deployments not necessary), RRC reconfiguration procedure to configure the additional carrier and separate MAC activation to finally activate configured carrier(s).
The design in LTE was that the network configures and activates the additional CC only after detecting the traffic amount to be “sufficient”. This reconfiguration and activation introduces significant delay and the UE RF re-tuning and/or activating additional RF-chains introduces long ambiguous period during transmission even from primary carrier may need to be paused.
These signaling and corresponding delays reduces the utilization of CA and thus UE cannot benefit from high SNR and wide bandwidth small cells efficiently. In NR when CA combinations may contain CA between macro layer 5-20MHz BW and high frequency small cell with bandwidth of 1GHz or even more the problem of configuration delay becomes even more severe. Moving activation to PHY from MAC does not really solve the root problem rather reduces activation delay part.
Therefore, we consider that NR should support scheme where UE is being pre-configured with multiple CA/DuCo configurations and inter frequency measurements for possible small cells when being in RRC Connected Inactive. The high level operation of the UE would be following:
· UE initiates inter-freq. measurements immediately when UL data becomes available.

· Other triggers possible such as reception of DL paging, or other UE implementation dependent reasons  
· When a cell is detected to which UE has valid pre-configuration available the UE activates Scell immediately when reporting cell in measurement report.
· Initiates RACH in Scell if needed
· When network receives the measurement report and indication it may start scheduling UE on that SCell immediately.
The example signaling figure is depicted in Figure 7
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Figure 7:Example signaling figure of CA activation in NR
3
Conclusions
In this contribution we have discussed carrier aggregation and DuCo Physical layer aspects in high level to conclude basic design targets needed to be addressed before conclusion of SI. 
Based on discussion we make following text proposal to TR38.802 to capture wider bandwidth options into subclause 5.
Text proposal
5.5 Support of wider bandwidth options

The support of wider subcarrier spacing (SCS) together with the maximum FFT size of 2048 provides natural increase of the system bandwidth in contiguous spectrum operation in the NR. The nominal maximum bandwidth options are presented in Table xx, with possible supported the carrier frequency ranges. Supported carrier frequencies are TBD and subject of ongoing RAN4 discussion 

Table xx: SCS and nominal maximum bandwidth

	Subcarrier spacing [kHz]
	15
	30
	60
	120

	Supported frequency range
	< 3.5 GHz
	2 - 6 GHz
	3.5 - 43.5 GHz
	6 – 52.6 GHz

	Nominal max BW [MHz]
	20
	50
	100
	200


The single carrier operation is characterized by following: 

-
Single numerology is used for both UL and DL, maximum BW is controlled by SCS and number of used subcarriers.

-
TX/RX bandwidth is controlled by scheduling decisions. 

-
Single scheduling decision per UE with single link adaptation, TB and HARQ process per TTI in single stream transmission. 

-
Continuous spectrum only.

-
Single transceiver operation. 

-
Single L2 protocol stack per UE.

In addition to single carrier operation the NR supports bot carrier aggregation and dual connectivity. The carrier aggregation can be characterized by following:

-
Can be DL only or for both DL and UL

-
Multiple FFT/IFFT

-
Each CC with own scheduling decision including:
-
link adaptation, TB selection, HARQ.

-
In DL only configuration, single CC is used to carry the UL feedback of the additional DL CC. 

-
Both continuous and discontinuous spectrum.

-
Single or multi transceiver operation supported
-
Each carrier standalone or data only layer

-
Guard Bands between CC included as defined between for single CC operation

-
CC can be different numerology

-
Single L2 protocol connection and protocol stack per UE for all CC.

The dual-connectivity can be characterized by following in comparison to CA:

-
Is always for both DL and UL for a carrier group.
-
Each CC fully independent with own UL feedback. 

-
Mainly discontinuous spectrum – multi-band.

-
Multi transceiver operation

-
Multiple L2 protocol connection and protocol stacks per UE 
When different numerologies are used for single in CA and DuCo on different bands each can have own independent DCI, UCI and HARQ feedback transmission reusing normal DCI and UCI design with numerology specific timings. 
When carrier is cross carrier scheduling is used: 

-
The location options of the DRMS symbols for the data are the same as single carrier transmission
-
When using same numerology, the timing between CC is the same.

-
First symbol of the frame can be used for data transmission.
-
PDCCH scheduling the carriers contains two or more independent DCI each pointing to one carrier.
The single uplink transmission of multiple UCI for multiple DL carriers is supported in NR CA operation. It is designed to support 

-
To improved UL coverage for a UE transmitting on single carrier only.

-
To allow UCI transmission via licensed spectrum only, for the downlink unlicensed spectrum transmissions. 
-
Supporting of multiple numerologies, with flexible HARQ feedback timings and adaptive HARQ codebook size.
The NR CA operation supports configuration between co-located carries with identical beam management action, coverage and antenna configurations, where the SS burst and PBCH are transmitted from single CC (primary CC) only. This enables system operation where:

-
DL Synchronization is based primary CC for all CC. 

-
Beam management procedures are based on primary CC’s BRS and best beam direction is same for all CC for given UE. 

-
The RACH can be operating on primary CC but additional RACH resources can be allocated to other CCs.

-
In each CCs separate DL control channel can be transmitted allowing independent link adaptation. Utilization of cross carrier scheduling is not necessary.

-
UL Control channels can be separate for each CC, or combined in one to CC for single UE to improve UL coverage.
For NR CA and DuCo operation HARQ buffer pool is supported. HARQ buffer pool defines the total number of HARQ buffers for a given UE across multiple CC in is used for both CA and DuCo operation. The allocation of HARQ buffers is dynamic between connected CC. When schedulers are coordinated between cells, the pool of HARQ processes allows picking the next available HARQ process dynamically for the transmission. When schedulers in the network are not coordinated simple semi-static allocation can be used to split HARQ pool to meet different RTTs of the link so that HARQ stalling is minimized or completely avoided.
For improved utilization of CA and DuCo in NR supports pre-configuring UEs with multiple CA/DuCo configurations and relevant inter frequency measurements for possible small cells when being in RRC Connected Inactive state. The UE operation is following:

-
UE initiates inter-freq. measurements immediately when UL data becomes available.

-
Other triggers possible such as reception of DL paging, or other UE implementation dependent reasons  

-
When a cell is detected to which UE has valid pre-configuration available the UE activates Scell immediately when reporting cell in measurement report.

-
UE Initiates RACH in Scell if needed

-
When network receives the measurement report and indication it may start scheduling UE on that SCell immediately.
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